Abstract-Shunt active power filter (SAPF) is the most effective solution to current harmonics. In its controller, Synchronous Reference Frame (SRF) principle has widely been applied in current harmonics extraction algorithm due to its simple implementation features. However, the conventional SRF algorithm performs with serious time delay due to strong reliance on sluggish numerical filters. Moreover, the algorithm is still considered to possess unnecessary features which impose excessive computational burden to the designed controller. Therefore, this paper presents a simplified SRF algorithm with improved performance for the purpose of current harmonics extraction in three-phase three-level neutral-point diode clamped (NPC) inverter-based SAPF. Two potential modifications are implemented which include replacement of numerical filter with mathematical based average identifier to improve mitigation performance and removal of redundant features to reduce algorithm complexity. The proposed algorithm is developed and evaluated in MATLAB / Simulink. Simulation results have confirmed the improvement achieved by the proposed algorithm in comparison to the conventional algorithm.
I. INTRODUCTION
Current harmonics resulting from widespread use of nonlinear loads is one of the main power quality problems in electrical power system. Other than deteriorating the overall power system efficiency through reduction of power factor (PF), the presence of current harmonics may also cause capacitor blowing, malfunction of sensitive devices, and equipment overheating [1, 2] . Therefore, it is important to reduce the harmonic contents of a power system to an acceptable level. Shunt active power filter (SAPF) is the most effective mitigation tool designed for this purpose, where all the current harmonics are cancelled out by injecting opposition currents (simply known as injection current) back to the power system. Moreover, it also provides reactive power compensation meant for improving PF performances [3] [4] [5] [6] .
Previously, most of the established SAPFs employ a standard two-level inverter for harmonics mitigation. However, three-level inverters which provide higher advantages in term of output voltage quality and power losses are accepted as a better alternative [7] [8] [9] . Nevertheless, the control of three-level inverter based SAPFs are more complicated due to the increased amount of switching devices and DC capacitors. Therefore, a comprehensive control scheme is required to properly control the complex switching operation of the SAPF and simultaneously balance up the voltage across all the DClink capacitors. As for three-level neutral-point diode clamped (NPC) inverter, the voltage across the splitting DC-link capacitors must equally be maintained at half of the overall DC-link voltage so that a balanced injection current can be generated to properly mitigate the current harmonics.
The performance of SAPF in current harmonics mitigation is fully dependent on how accurately and how quickly its controller performs. In its controller, harmonics extraction algorithm is the main algorithm that provides a reference current signal to control the operation of SAPF. Therefore, it is important to ensure accurate and fast performance of harmonics extraction algorithm. Various research works have been conducted on this particular algorithm which involve different kinds of techniques such as Synchronous Reference Frame (SRF) [4] [5] [6] 10] , Instantaneous Power (PQ) theory [3, 8, 11, 12] , Synchronous Detection (SD) [13, 14] , DQ Theory with Fourier (DQF) [15] , Fast Fourier Transform (FFT) [7] , Artificial Neural Network (ANN) [16] , wavelet-based approach [17] and many others.
Among these techniques, harmonics extraction algorithm based on SRF principle is the best candidate as it provides simple design structure with increased speed and less calculation, thus makes it easier to be implemented practically. In the context of SRF algorithm, the quality of detected fundamental component is the main factor that determines its harmonics extraction performance.
However, most of the SRF algorithms are still depending on numerical filters especially low pass filter (LPF) [4] [5] [6] 10 ] to detect the desired fundamental component for reference current generation. The strong reliance on sluggish numerical LPF which suffers from significant time delay is the main reason for slow harmonics extraction performance. Moreover, the performance of the numerical filter is strictly dependent on its order's selection and tuned cutting frequency. Most of the numerical filters are tuned using tedious approach and thus cannot ensure optimum filtering performance. Meanwhile, for fundamental component detection, the filter's order is mostly restricted to second order [4-6, 10, 18] as higher order filter creates great computational burden to the controller. In addition, a good compromise between filter's order and cutting frequency is necessary to ensure optimum filtering performance but it is difficult to be achieved.
Although other fundamental detection techniques which are developed based on Fourier analysis [19] and wavelet approach [20] have been proposed to overcome disadvantages of numerical filters, they are mostly implemented with high complexity. Besides that, the conventional SRF algorithm is still considered to have redundant features which are irrelevant in current harmonics extraction, thereby increases the complexity of the designed algorithm.
Therefore, this paper proposes a simplified version of SRF algorithm with improved performance for the purpose of current harmonics extraction in three-phase three-level NPC inverter-based SAPF. Two potential improvements to the proposed algorithm which include replacement of numerical filter and removal of redundant features are implemented. The design concept and the effectiveness of the proposed algorithm are verified using MATLAB / Simulink. The rest of the paper is organized as follows. In Section II, the three-phase threelevel SAPF with control strategies is explained. Section III presents the details of the proposed current harmonics extraction algorithm in comparison to the conventional algorithm. The simulation results are presented and discussed in Section IV showing the effectiveness of the proposed algorithm. Lastly, a brief conclusion is provided in Section V to summarize the contributions of this work.
II. SHUNT ACTIVE POWER FILTER WITH CONTROL STRATEGIES
The three-phase SAPF utilizing a three-level NPC inverter is shown in Fig. 1 . Its controller consists of harmonics extraction, DC-link voltage regulation, voltage balancing control, and switching control algorithms. However, the focus in this paper is given to harmonics extraction algorithm. The DC-link voltage is regulated using proportional-integral (PI) technique [6, 7] . Meanwhile, the voltage balancing of splitting DC capacitors is achieved via voltage feedback control technique [21, 22] . Finally, the switching activities of SAPF are controlled using a 25 kHz space vector pulsewidth modulation (SVPWM) switching algorithm [21, 23] . 
III. HARMONICS EXTRACTION ALGORITHM
This section provides detailed descriptions on the working principle of harmonics extraction algorithm used in this work. For comparison purpose, the conventional SRF algorithm is first described serving as a benchmark for improvement. Next, the proposed simplified SRF algorithm is presented highlighting the improvements made.
A. Conventional Synchronous Reference Frame
Harmonics extraction based on SRF principle as shown in Fig. 2 , is accomplished by using Park-transformation in which the load current in three-phase abc frame is transformed into its corresponding two-phase dq frame to isolate harmonic components from its fundamental component. The transformation process is summarized as 
× where is the transformation angle representing the angular position of dq frame which is delivered by a synchronizer.
In the presence of nonlinear loads, the actual load current in dq frame ( and ) are polluted by the generated current harmonics and thus forming the new load current expression given as
where ( ) and ( ) represent the fundamental (dc) and harmonic (ac) components of load current in d frame respectively. Similar relation holds for load current in q frame.
For harmonics extraction, the ac components in both dq frames are needed to generate the required reference current. Conventionally, they are obtained by means of indirect detection technique [24] given in (3), where their respective dc components are first detected by using tuned numerical LPF followed by removal of the detected dc components from the actual and components.
( )
In the context of SRF algorithm, filter's selection is an important factor that determines the performance of the designed algorithm in current harmonics extraction. The filter used is a second order Butterworth-typed LPF with a cutting frequency of 10 Hz. This type of filter is accepted as the best "all-rounder" filter which provides fast dynamic response with acceptable filtering performance [6, 18] .
Once the components ( ( ) and ( ) ) are obtained, inverse Park-transformation expressed in (4) is executed to transform the components back to their corresponding three-phase representation which is then taken as the reference injection current 
B. Simplified Synchronous Reference Frame
The proposed simplified SRF algorithm as shown in Fig. 3 , is the result of implementing two major modifications to the conventional algorithm. The proposed modifications are summarized as follow: 1) Replacement of numerical LPF with mathematical based average identifier for detecting the required dc component. 2) Removal of cosine variables from the main calculation to achieve further algorithm simplicity. As revealed above, the first modification is implemented to eliminate the dependency on sluggish numerical filter in dc component detection. For this purpose, a mathematical based average identifier is proposed and is given as
where ( ) and represents the average value and the period of signal .
This modification is implemented according to the fact that the required dc component is equivalent to the average value of the actual load current in dq frame. The utilization of mathematical based average identifier removes the needs of filtering and simultaneously eliminates the possibility of inaccurate dc component detection due to improper tuning.
On the other hand, the second modification is proposed, aimed to reduce the algorithm complexity through removal of redundant cosine variables (q frame). In order to realize this modification, the operation of conventional SRF algorithm has been changed. Instead of generating , directly, the proposed simplified SRF algorithm produces the required , through indirect generation approach where the fundamental active current is first generated, followed by removal of from the actual three-phase load current . The indirect generation method is summarized as follows:
Since is a purely sinusoidal signal which consists of only odd function, it is unnecessary to include any even function such as cosine variables in the calculation process. In other words, transformation with only sine variables (d frame) is good enough to represent the odd function characteristic of the resulted . With the removal of redundant cosine components, the Park-transformation in (1) can be simplified as (7). 
IV. RESULTS AND DISCUSSION
The three-phase three-level NPC inverter-based SAPF with the proposed simplified SRF algorithm is developed and tested in MATLAB / Simulink. Table I summarizes the details of the parameters used in the simulation work. Three types of nonlinear loads are used for the testing purpose. The first nonlinear load is constructed using a three-phase uncontrolled bridge rectifier feeding a 20 Ω resistor and 2200 μF capacitor connected in parallel (capacitive). The second nonlinear load is developed using similar rectifier feeding a series connected 50 Ω resistor and 50 mH inductor (inductive). The third nonlinear load is developed using similar rectifier feeding a 20 Ω resistor (resistive). Furthermore, comparative analysis is conducted to investigate improvements achieved by the proposed simplified SRF algorithm in comparison to the conventional SRF algorithm. The main performance parameter used to analyze the performance of each harmonics extraction algorithm is the total harmonic distortion (THD) value of mitigated source current which must be maintained below the limit of 5 % set by IEEE Standard 519-2014 [25] .
The simulation results of SAPF which include three-phase source voltage , load current , and source current resulted from each harmonics extraction algorithm for capacitive, inductive and resistive loads are shown in Figs. 4, 5 and 6 respectively. Meanwhile, the THD values of source current before and after mitigation by SAPF utilizing each harmonics extraction algorithm are summarized in Table II. The findings show that before connecting the proposed SAPF, the source side current is observed to be distorted by the generated current harmonics, where THD values of 43.03 %, 27.43 %, and 26.64 % are recorded for capacitive, inductive and resistive loads respectively. However, after connecting the proposed SAPF, the THD values of source current for all the nonlinear loads are significantly reduced.
Both harmonics extraction algorithms are observed to have successfully controlled the SAPF to remove the generated current harmonics, resulting in THD value of far below 5 %. However, SAPF utilizing the proposed simplified SRF algorithm shows superior mitigation performance by achieving a lower THD value for all the nonlinear loads. Moreover, the mitigated source current is observed to work in phase with the source voltage for all nonlinear loads, which leads to almost unity power factor.
In addition, other important aspects of NPC inverter-based SAPF which include DC-link voltage regulation, voltage balancing of splitting DC-link capacitors and neutral-point voltage deviation control are thoroughly investigated for all nonlinear loads to further verify effectiveness of the proposed SAPF. 
V. CONCLUSION
This paper has presented a new simplified SRF current harmonics extraction algorithm for three-phase three-level NPC inverter-based SAPF. Two potential improvements which include replacement of numerical filters with a mathematical based average identifier, and removal of redundant cosine variables from the main calculation are implemented. As a result, the SAPF has performed outstandingly in current harmonics mitigation by achieving a THD value of far below 5 %. The proposed algorithm is not limited to SAPF system with specific type of nonlinear load. In fact, it is proven to work effectively under various types of nonlinear loads. Furthermore, other important aspects of NPC inverter-based SAPF which include DC-link voltage regulation, voltage balancing of splitting DC-link capacitors and neutral-point voltage deviation control are thoroughly investigated for all nonlinear loads. A comprehensive set of simulation results is presented confirming the design concept and effectiveness of the proposed SAPF in current harmonics mitigation. 
